BeMgZnO thin layers were grown with plasma assisted molecular beam epitaxy (MBE)
Introduction
ZnO and related materials have attracted considerable attention owing to their promising optical and electrical properties for a variety of optoelectric devices, including light emitting diodes and solar-blind UV detectors [1] . For solar-blind UV absorption the cut-off wavelength should be below 280 nm (4.5 eV) [1] [2] [3] corresponding to a significantly larger bandgap than that of ZnO (3.37 eV). Alloying ZnO with MgO, which is reasonably traditional, leads to the ternary compound MgZnO [4, 5] with tunable bandgap up to 4.55 eV in wurtzite phase [6] . However, alloys with high band gap values are obtained using low growth temperatures of the order of 250 o C with very inferior crystalline quality. Unfortunately, use of nominal high temperatures for attaining quality material, the bandgap tuning is limited because of phase segregation for Mg contents above 33% induced by structural mismatch between the wurtzite ZnO and rock salt MgO [7] . To overcome this limitation, quaternary BeMgZnO has been proposed [1, 8, 9] . As initial experiments and theoretical studies revealed, co-alloying of ZnO together with BeO and MgO results in more stable wurtzite structure, i.e. void of phase separation, as compared to ternary MgZnO or BeZnO alloys. For certain growth conditions quaternary layers with sufficiently large bandgaps up to 4.9 eV [8] have been achieved. Theoretical studies of bandgap variation and equilibrium lattice parameters for the quaternary BeMgZnO system have been performed mainly using density functional theory (DFT), known to significantly underestimate the bandgap [10, 11] . In addition, comparison of theory with experiment has been problematic due to difficulties with appropriate experimental tools for Be and Mg concentration analysis with satisfactory accuracy, particularly that of Be which is rather difficult to detect.
Recently Be depth distribution in BeZnO alloys has been revealed by SIMS [12] . Although sputter depth profiling is a powerful technique, it is destructive; and sputtering itself produces a range of artifacts and alters the sample. Moreover, SIMS needs to be quantified by standards because the results are extensively affected by matrix effects. Hence, the absolute measurement of Be contents by SIMS is challenging.
Another method often applied for Be analysis in Be-alloyed ZnO and MgZnO is X-ray photoelectron spectroscopy (XPS) [1, 3, 12] . In XPS, the atomic composition may be calculated from the photoelectron peak intensities of different elements. In this procedure, both the photoelectric cross-section () and the inelastic mean free path (IMFP) of the photoelecrons from each element of the layer is required. In general, IMFP data can be considered with an uncertainty of about 12% on average, while  values are scattered within 5-15 % , respectively [13] . For multi-elemental targets, like BeMgZnO, however, the IMFP data usually have much higher uncertainty for the different constituents. Therefore, it is rather difficult to determine the precise Be content by XPS in BeMgZnO due to the significantly large uncertainties in detecting the light Be element [3] . Moreover, the depth profiling XPS A c c e p t e d M a n u s c r i p t methods suffer from similar problems as the SIMS technique. Due to such limitations, the Be content after sample preparation is sometimes given by an effective parameter, e.g. the number of laser pulses ablated on BeO target during the pulsed laser deposition (PLD) of BeMgZnO layers [8] or cell temperature during molecular beam epitaxy (MBE) growth [14] . Such descriptions lack the specificity needed for direct quantitative comparison of theory and experiment in engineering and understanding the structural and optical properties of BeZnO and BeMgZnO alloys.
In this work, we employed ion beam analysis (IBA) instead which is a powerful and nondestructive characterization tool for BeMgZnO. IBA allows accurate measurements of concentrations of constituents and the stoichiometry of thin films as a function of depth. Also, its capability in determining the shape and the size of nanostructures has been demonstrated [15, 16] . Recently an assertion of 1% absolute accuracy for Rutherford Backscattering Spectrometry (RBS) -the simplest IBA method -has been validated on the basis of the uncertainty budget [17] . However, the sources of uncertainty in evaluation always (also in this work) depend on the properties of the material system to be analyzed and the given measurement conditions. Usually the detection of light elements in the presence of heavier ones is especially challenging in RBS experiments. In such cases chemical analysis of light elements in binary, ternary, or quaternary compounds becomes feasible with IBA when e.g. applying resonances which appear in the elastic backscattering cross-section at characteristic energies of the analyzing He + or H + ions. For instance, the carbon sublattice of SiC can be investigated with six [18] or even 120 times [19] higher sensitivity by 3.55 MeV and 4.26 MeV He + ion beams, respectively, as compared to RBS performed in the 1-2 MeV energy range where the cross-section is given by the Rutherford value for carbon.
In the case of Be containing ZnO and MgZnO, a strong resonance with an enhancement factor of 60(3) appears in the elastic backscattering cross-section of the 9 Be(p,p) 9 Be reaction for proton energies around 2.5 MeV [20, 21] . Although the concept of monitoring Be with this reaction was proposed and applied for BeZnO [22] , actually there has been no experimental demonstration with a detailed analysis of the measured backscattering spectra. Note that the resonance-enhanced non-Rutherford cross-sections for the nat Mg(p,p) nat Mg and 16 O(p,p) 16 O elastic backscattering reactions also have to be considered in such spectrum evaluation procedures for BeMgZnO alloys.
In this work, data obtained from RBS with He + ions (He + -RBS) and from nonRutherford elastic backscattering spectrometry with protons (p-EBS) were analyzed together utilizing the well-established RBX spectrum simulation code [23] . Details on the simulation of backscattering spectra in the presence of sharp resonances and a recent intercomparison of ion beam analysis softwares including RBX can be found elsewhere [24] [25] [26] . With the He + -RBS/p-EBS combined IBA technique the composition and layer structure of wurtzite BeZnO/ZnO and BeMgZnO/ZnO systems grown on (0001) sapphire were determined with good accuracy down to Be content of 7 atom% (with typical uncertainty of 1-2 atom%).
The bandgaps of the analyzed layers were estimated with hybrid density functional theory calculations. In the model the supercells were constructed with the Be and Mg concentrations taken from the evaluation of He + -RBS and p-EBS spectra. The theoretical bandgaps show linear correlation with the experimental optical bandgaps for different Be and Mg contents. The observed offset can be reasonably related to fundamental material properties and to the features of the applied hybrid functional method.
Experiments
Six quaternary BeMgZnO (samples Q1-Q6), one ternary BeZnO (T), as well as a ZnO reference thin films were grown on (0001) sapphire substrates using plasma assisted M a n u s c r i p t molecular beam epitaxy (MBE) with an RF oxygen plasma source and Knudsen cells for Be, Mg, and Zn. Pyrolytic Boron Nitride (PBN) crucibles were used for Mg and Zn sources and a BeO crucible for the Be source. First, a 2 nm-thick MgO buffer layer was grown for each sample at 750°C to avoid 30° rotation domains and ensure 2D nucleation. Subsequently, a ~10-20 nm-thick low-temperature ZnO buffer layer was grown at 300°C and annealed at 750°C to achieve an atomically flat surface. The same annealed buffer layers were overgrown by different layer compositions (Q1-Q6, T, and ZnO) at a substrate temperature of around 400°C. To vary the Be x Mg y Zn 1-x-y O composition, the Mg source temperature was changed between 416 °C and 452 °C, the Be source temperature was set to either 1150°C or 1170 °C while the Zn source temperature was varied between 317°C and 324°C.
The out-of-plane c and in-plane a lattice parameters of the BeZnO and BeMgZnO layers were derived from X-Ray Diffraction (XRD) measurements for the symmetric (0002) and skew-symmetric (10-13) reflections, respectively, using the line focus mode. Further details about growth and characterization can be found in Ref. [27] , while the beam divergence was kept below 0.06°. Typically, a beam current of 20 nA was measured by transmission Faraday cup [28] . Backscattered He + and H + ions were detected using an ORTEC surface barrier detector mounted in the Cornell geometry at a scattering angle of  = 165°. A blind detector with Al reflection layer on top was used to eliminate background counts from ion beam-induced luminescence of the epilayers and of the underlying substrate. The energy resolution of the detection system was 20 keV. To avoid yield variations due to axial or planar channeling of the analyzing ions in the single-crystalline epilayers and in the sapphire substrate random spectra were recorded in each measurement via off-tilting the sample surface normal by an angle of  = 7° with respect to the incoming ion beam. The random orientation conditions were achieved using a two-axis goniometer system capable of determining the target orientation to a precision of 0.01° and 0.1° in tilt and azimuthal angles, respectively. To increase the accuracy of evaluation, spectra were also recorded at tilt angles of  = 45 o and  = 70 o for He + -RBS and p-EBS analysis, respectively. In the latter case the peak intensity for Be can be increased by a factor of 2.9 according to 1/cos() [16] .
Detailed spectrum analysis, which takes into account the exact measurement geometry (Cornell configuration, scattering angle, detector solid angle, sample tilt angle), energy dependence of the elastic scattering cross-section and inelastic stopping cross-section in the target, energy straggling contributions in the sample and in the detection system, has been performed using the RBX spectrum simulation code [23] . The spectrum evaluation has been performed as an iterative manual procedure treating a set of spectra in turn until selfconsistency has been achieved between the He + -RBS and p-EBS spectra recorded on the same sample at different tilt angles. In the evaluation, the Rutherford cross-section data for He + backscattering were considered, while the non-Rutherford elastic proton backscattering crosssection data for Be [20, 21, 29] , O [30, 31] , Mg [32] , and Al [33] [34] [35] were adopted from the literature. Note for Be data from Leavitt [21] and data from Mashkarov [29] agree well within A c c e p t e d M a n u s c r i p t the Leavitt's experimental uncertainty of 5% in the energy range of interest (2500-2530 keV). For Al the data in Refs. [33] and [35] were reported for a scattering angle of 170 o while in Ref. [30] for 160 o , respectively. However, as one can check they are practically equal in all three reports. In the case of Zn, the Rutherford value [36] was used within the full energy range for proton backscattering. It can be emphasized that significant recent efforts have been performed in the evaluation of p-EBS cross-sections [37] [38] [39] and the evaluated data from SigmaCalc are also given in the Ion Beam Analysis Nuclear Data Library (IBANDL) database [40] . Nevertheless, in this work the measured p-EBS cross-sections were used for convenience as they are indistinguishable from the evaluated ones at the accuracy of the analysis.
In the hybrid density functional theory calculations the input concentration values for x and y in Be x Mg y Zn 1-x-y O were adopted from the evaluation of the He + -RBS and p-EBS spectra. The calculations were performed using Heyd-Scuseria-Ernzerhof (HSE) [40] hybrid functional implemented in the VASP code [42] , with projector augmented wave method (PAW) [43, 44] . In a HSE hybrid functional calculation the electron exchange interactions are separated into the short-and long-range contributions. The slowly varying long-ranged exchange is computed using generalized gradient approximation (GGA) to the DFT. The short-range exchange is computed as a mixture of GGA and Fock-type exchange. It is also often useful to tune the amount of Fock exact exchange for a particular material in order to obtain the best agreement of computed band gap with experiment. We use exchange tuned HSE hybrid functional, where the amount of exact exchange is set to be 37.5%. The exchange range separation parameter in HSE was kept at 0.2 Å -1
. The resulting bulk ZnO bandgap of 3.43 eV is in excellent agreement with low temperature experimental value of E g = 3.436 eV considering the measured excitonic bandgap of 3.376 eV [45] and the large exciton binding energy of 60 meV for ZnO [46] . It is worth noting that HSE calculations do not include any temperature effects. All alloy calculations were performed in supercells with 72 atoms and using -point eigenvalues only. All atomic structures were relaxed at the GGA level with respect to the lattice parameters a and c, a/c ratio, and all internal degrees of freedom, including the wurtzite internal parameter u, to yield forces of 0.01 eV/Å or less. The planewave basis sets with 500 eV energy cutoff were used in GGA calculations. This allowed accurate calculations of the BeMgZnO crystal structure within systematic GGA errors. The electronic properties were then computed for relaxed lowest energy structures using exchange tuned HSE hybrid functional calculations with 400 eV energy cutoff. In principle, three different basic binary compounds ZnO, BeO, and MgO could have three different exchange tuning parameters that recover experimental bandgap. Therefore, it could be problematic to use a common exchange tuning scheme for a quaternary compound containing all four elements. However, bulk band gap of BeO computed with the same Fock exchange ratio of 37.5% is 10.2 eV, which is reasonably close to the experimental value of 10.6 eV [47, 48] . The wurtzite structure of MgO is thermodynamically unstable, which makes it difficult to directly estimate the errors in a bandgap of Mg containing oxide alloy. However, computed bandgap for the stable rock-salt phase of MgO with the same amount of exchange is 7.72 eV, while measured gap is 7.83 eV [49] . This allows us to use the same value for the Fock exchange fraction with expectation that reasonable bandgaps can be obtained at intermediate concentrations of Mg and Be in BeMgZnO, because all bulk bandgaps are in good agreement with experiment.
Results and discussion
M a n u s c r i p t Fig. 1 shows the elastic backscattering cross-sections () of Be [29] , O [31] , Mg [32] , Al [33, 34] , and Zn [36] elements for He + and H + as a function of the ion energy, used in the RBX spectrum evaluation procedure. Note the Al atoms are present in the sapphire substrate only while oxygen atoms are present in sapphire, in the buffer ZnO layer, and in the BeZnO and BeMgZnO layers, too. For He + analysis  is given by the Rutherford value ( R ) which is proportional to Z 2 , the atomic number of the target atom, and therefore, the Be cross-section is negligible as compared to that of Zn, and significantly lower as compared to those of Al, Mg, and O. For H + analysis, however, except for Zn,  deviates from the Rutherford value for all the investigated elements due to nuclear resonances. For Be an enhancement factor of 60 can be observed (Table I) ; and therefore, (Be) becomes comparable to (Zn) and is much higher than (Al), (Mg), and (O) for 2.5 MeV protons. Accordingly, the quantitative analysis of Be in BeZnO and BeMgZnO becomes possible in p-EBS experiments. Note that in Fig. 1(b) the cross-sections for O, Mg, and Zn vary smoothly with energy while the Al curve exhibits strong oscillations. All these features must be taken into consideration in the simulation of p-EBS spectra in order to accomplish Be content analysis with good accuracy.
Gray stripes in Fig. 1 show the energy lost by the He + and H + projectiles through inelastic electronic stopping when they cross a 150 nm-thick ZnO layer. The energy losses were calculated by SRIM simulations [50] assuming a mass density of 5.6 g cm -3 for ZnO. For H + the energy loss is negligible and hence the analysis has poor depth resolution. In comparison, significant amount of energy is lost for He + due to the higher electronic stopping power, S e , see Table 1 . Consequently, depth profiling and layer thickness measurement with 1 MeV He + becomes accessible. Fig. 2(a) shows typical 1 MeV He + -RBS spectra of ZnO, BeZnO, and BeMgZnO layers. The different widths of the Zn spectra correspond to different layer thicknesses as indicated by the depth scale for Zn. Distinct Zn spectrum heights indicate the variation of the Zn concentration in the different samples. Mg contents, e.g., for Q3 and Q4, can be estimated from the plateau heights between channels 120-140. However, the Be signal cannot be detected due to the low Rutherford cross-section and large Al and O background for Be. Also, the surface edge for Be is located at low energy close to the detection limit because of the low kinematic factor [36] , K = 0.15, of the He + ions for Be. In summary, from He + -RBS analysis the layer thicknesses and the Zn and Mg concentration depth profiles can be evaluated but the Be content can only be deduced indirectly.
The measured p-EBS spectrum of one of the BeMgZnO layers (sample Q2) and the corresponding RBX simulation are compared in Fig. 2(b) for the sample tilt angle of  = 7 o . Despite oscillations in the Al cross-section there is a clear agreement in the full energy range. The sharp peak at channel #325 originates from the spike in (Al) at a proton energy of 2485 keV while the bumps between channels #100-220 are due to other oscillations of (Al) at lower proton energies (see Fig. 1(b) ). We emphasize that the Be peak is situated on a large background from Al 2 O 3 . Therefore, the good measurement statistics and the quality of the spectrum fit are the prerequisites for an accurate Be analysis.
There is a striking difference between the spectra in Fig. 2 (a) and (b): the He + -RBS spectrum is dominated by the BeMgZnO yield, while the p-EBS spectrum mostly originates from the substrate Al 2 O 3 signal. The main reasons are the one order of magnitude difference in the electronic stopping power, S e , of He + and H + , and the strong enhancement in the crosssection of oxygen for protons with respect to the Rutherford value, see Table 1 . Due to low mass of protons, the kinematic factor for Be is K = 0.64, and thus the Be signal is detected at high channel numbers around #250 in Fig. 2(b) . Because the p-EBS method has no considerable depth resolution in BeMgZnO, the Zn and Be signals provide integral peak A c c e p t e d M a n u s c r i p t intensities proportional to both the BeMgZnO layer thickness and the Zn and Be concentrations.
The inset in Fig. 2(b) shows the schematic of the experiment and the sample structure used in RBX spectrum evaluation. In the spectrum simulation procedure the following parameters were varied: (i) the thickness of the buffer ZnO layer (ii) the thickness of the BeMgZnO layer (both in units of atom cm -2 following the convention of thickness measurement in RBS analysis), and (iii) the compositional contents x, y in Be x Mg y Zn 1-x-y O. The substrate was correctly considered as stoichiometric Al 2 O 3 . The parameters (i), (ii), and (iii) have been varied to achieve the sample structure which simultaneously fits both the He + -RBS and p-EBS spectra for all sample tilt angles. Depth scales for the spectra were determined by appropriate energy-to-depth conversion considering energy dependent stopping of He + or H + in the RBX program. Evaluated layer thicknesses were converted from units of atom cm -2 to units of nm assuming a mass (atomic) density of  = 5.6 g cm -3 (N = 8.2910
22 atom cm -3 ) for ZnO. The atomic densities for BeZnO and BeMgZnO were corrected using the c-axis parameters obtained from XRD data, shown in Table 2 . Fig. 3(a) is accompanied by the appearance of the Mg signal at channel #145 with a plateau toward lower energies. From the plateau height, the amount of Mg substituting Zn can be estimated. In addition to substitution of the Zn atoms by Mg, additional substitution of Zn by Be has to be considered in the fitting procedure to reconstruct the height of both the Zn and Mg signals for Q3. The accurate Be content in sample Q3 is evaluated from the p-EBS spectra shown in Fig. 4 (a) and with a magnified Be peak region in Fig. 5(b) . Here the simultaneous fit of the He + -RBS and p-EBS spectra gives the Be 0.07 Mg 0.33 Zn 0.60 O composition, see Table 2 . Compared to Q3, the Zn yield drops even further for sample Q5 in Fig. 3(b) . This feature is the consequence of the higher Mg yield in Fig. 3(b) , and the more intense Be peak in Fig. 5(c In Fig. 3 the yield increase at the low energy side of the Zn spectrum for samples Q3 and Q5 is caused by the stoichiometry change when crossing the interface between the BeMgZnO and the underlying thin ZnO buffer layer. Such step is not seen for pure ZnO and for BeZnO because of zero and only 8% deficiency in the Zn content compared to the buffer ZnO layer, respectively. Also, there is no stoichiometry change within the BeMgZnO layers in Fig. 3 , indicating homogeneous layer growth as a function of time. For samples Q1-Q6 the buffer layer thickness can be evaluated from He + -RBS analysis, see Table 2 . In He + -RBS measurements, when tilting the sample from  = 7 o to 45 o , the Zn spectrum width is increased by a factor of 1.4 according to the relation 1/cos() (see the shift of the low energy edge of the Zn spectra). RBX fit of He + -RBS spectra for the two different tilt angles accurately gives the layer thickness in units of atom/cm 2 . A c c e p t e d M a n u s c r i p t RBX simulations. Here the increased tilt angle is reflected in the rise of the Zn and Be peak intensity by a factor of 2.9, according to the relation 1/cos(). Note, here the Al signal and the oxygen signal do not change significantly with the tilt angle because they come from the thick sapphire substrate (except a small oxygen peak from BeZnO/ZnO and BeMgZnO/ZnO). On the other hand, the small Mg peak is overshadowed by the Al background and it is difficult to identify. Some deviation of the simulated spectra from the measured ones at the oxygen edges can be observed which may be due to the interplay of the oxygen yield with the oscillating aluminum signal. However, such slight anomaly does not significantly affect the outcome of the evaluation procedure. Fig. 5 shows the Be peak regions of p-EBS spectra for pure ZnO and for three BeMgZnO layers Q3, Q5, and Q6, measured at tilt angles of  = 7 o and 70 o , respectively. There is a good overall agreement between the measurements and simulations. A smooth signal character can be observed in Fig. 5(a) showing small statistical scattering on the background that originates from the sapphire substrate. The additional Be peaks in Fig. 5(b) , (c), and (d) reside on the background shown in Fig. 5(a) . Note, the uncertainty of Be analysis in p-EBS is determined not only by the Be atomic concentration but also by the thickness of the BeMgZnO layer, since both parameters have influence on the Be peak integral. The typical statistical uncertainty for the Be peak integral is 20% for  = 7 o and 7% for  = 70 o tilt. Another source of uncertainty considered in the recalculation of the Be content is the 5% uncertainty of the given Be cross-section for protons (Be) [21] . The total uncertainty can be calculated considering the uncertainties from both the Be peak integral and the Be crosssection. Note the uncertainty of the Mg content was considered as the statistical uncertainty of the background free Mg yield in the He + -RBS spectra. All evaluated layer compositions together with the derived uncertainties of the Be and Mg contents are given in Table 2 .
Note beside the layer composition and thickness RBS in combination with channeling (RBS/C) can also provide information about crystalline quality and the presence of interstitials [18] . Our preliminary He + -RBS/C experiments (not shown) revealed good crystalline quality of the reference ZnO layer and the epitaxial growth of BeMgZnO on the ZnO seed. For instance c-axis RBS/C spectra of sample Q4 show significant drop of both the Mg and Zn yield as compared to the random yield thus suggesting mainly substitutional location of Mg in the BeMgZnO lattice. Detailed localization analysis for Be is challenging with He + -RBS/C or p-EBS/C because of the small yield and/or high signal to background ratio in channeling conditions for Be located at substitutional lattice sites. The detailed analysis of interstitials and substitutional atoms in BeMgZnO requires careful multiaxial channeling experiments and angular scans [51] and is out of the scope of this paper.
The obtained Be and Mg concentrations and their uncertainties as input parameters were used to determine the band gap for each sample using HSE hybrid density functional calculations. Moreover, the optical bandgap energy (E g ) was estimated from the (α opt hν) 2 vs. hν Tauc plots (Fig. 6(a) ) where α opt , the absorption coefficient was deduced from the transmission measurements and the measured thickness values. The calculated electronic and experimental optical (Tauc) bandgaps of the studied samples are compared in Fig 6(b) . The errors on the x-axis show the uncertainty of the bandgap values extracted from optical transmittance experiments due to broadened absorption edges for BeZnO and BeMgZnO. The marked error bars on the y-axis represent the upper and lower limits of the calculated bandgaps due to the uncertainty in the Be and Mg concentration measurements as listed in Table 2 . The obtained bandgaps for ternary and quaternary samples can be fitted by a linear function with a slope of 1.046(0.059), see the red line. The offset between the fitted line and M a n u s c r i p t one-to-one experiment-to-theory line (dashed line) varies between 0.31 and 0.37 eV as the Tauc bandgap increases.
Evidently the error on the y-axis in determining the Be and Mg concentrations is smaller than that due to other sources within the theoretical method used. For instance, the HSE hybrid functional was tuned to match the measured ZnO bandgap. The bandgaps of BeO and MgO are not perfectly matched within this functional; therefore, the uncertainty in the computed bandgaps increases with increasing content of Be and Mg. In addition, the zero point motion effects on the bandgap are absent in this method, while they are absorbed into the tuned bandgap of ZnO, and they may be different in BeO and MgO, thus introducing additional uncertainty. Finally, the crystal structures of BeMgZnO of different compositions were obtained from accurate relaxations of lattice parameters within the GGA approximation, known to overestimate lattice parameters in oxides by 1-2%.
Note, as in the case of most ab-inito methods, the HSE calculations do not include temperature effects while optical measurements were performed at room temperature. For ZnO the lowering of the measured excitonic bandgap by 68 meV was reported when increasing the temperature from 5 K to 295 K [45] . Also, the bandgap, measured in optical transmittance is lower by the exciton binding energy (being about 60 meV for ZnO) than the electronic bandgap obtained from HSE calculations. These factors can explain the offset of 0.17 eV for ZnO found in this work. For MgZnO alloys exciton binding energies between 56 and 65 meV have been reported in the Mg content range of 6-23 atom % [45] , while for BeO a value of 170 meV was found [52] . For BeZnO and BeMgZnO alloys this parameter probably falls within the range determined by ZnO and BeO. Consequently, the offset in Fig.  6 (b) between theoretical and experimental bandgaps for BeZnO and BeMgZnO can be significantly reduced when considering exciton binding energies and temperature differences as discussed above.
In summary, Fig. 6 (b) demonstrates adequate description of electronic properties of BeMgZnO alloys by the exchange tuned HSE hybrid functional theory. Furthermore, the remarkable agreement between measured and fitted He + -RBS/p-EBS spectra as well as between measured optical bandgaps and calculated bandgaps provide a convincing justification of the demonstrated analytical method for the accurate compositional analysis of BeMgZnO thin films.
Conclusion
In this work a detailed atomic compositional, optical, and theoretical analysis of BeZnO and BeMgZnO alloys has been demonstrated.
Instead of previously applied analytical techniques like SIMS or XPS, which leads to sputtering and sample damage effects, require sample standards, and suffers from difficulties in the detection of the light Be element, we apply ion beam analysis as nondestructive characterization tool. Our concept is based on the non-Rutherford proton elastic backscattering reaction around 2.5 MeV proton energy where an enhancement factor of 60 in the cross-section of Be can be achieved as compared to the Rutherford value. To minimize uncertainties proton elastic backscattering was combined with He + -RBS and detailed multiple spectrum fit evaluation procedure taking into account the actual cross-sections for backscattering, electronic stopping, and detection processes. With the combined IBA technique the composition and layer structure of wurtzite BeZnO/ZnO and BeMgZnO/ZnO systems grown on (0001) sapphire were determined with good accuracy down to Be content of 7 atom% with typical uncertainty of 1-2 atom%.
Based on the measured atomic composition of BeO and MgO co-alloyed ZnO layers, hybrid density functional bandgap calculations were performed and compared to experimental M a n u s c r i p t optical bandgaps. A linear correlation between theory and experiment was found in the whole bandgap range studied from 3.26 eV to 4.62 eV for different Be and Mg contents.
The presented analytical concept should help facilitate bandgap engineering for potential applications of BeZnO and BeMgZnO alloys, like solar blind UV photodetectors or heterostructures for UV emitters and intersubband devices. M a n u s c r i p t M a n u s c r i p t M a n u s c r i p t [32] , Al [33, 34] , and Zn [36] , used in the spectrum evaluation procedure. Gray stripes show the energy lost by (a) 1 MeV He + and (b) 2.53 MeV H + projectiles through electronic stopping when crossing a 150 nm-thick ZnO layer. M a n u s c r i p t 
